C ilia are important for many developmental and physiological functions, such as defining left-right asymmetry in the embryo, olfaction, hearing and fertility [1] [2] [3] . The wide range of ciliary functions contradicts the perceived evolutionary conservation of ciliary components (reviewed in ref. 4 ), raising an interest about diversification mechanisms. The cilium is composed of two distinct regions: a base attached to the membrane, henceforth called the 'ciliary base' , and a 'ciliary shaft' , which protrudes from the base.
C ilia are important for many developmental and physiological functions, such as defining left-right asymmetry in the embryo, olfaction, hearing and fertility [1] [2] [3] . The wide range of ciliary functions contradicts the perceived evolutionary conservation of ciliary components (reviewed in ref. 4 ), raising an interest about diversification mechanisms. The cilium is composed of two distinct regions: a base attached to the membrane, henceforth called the 'ciliary base' , and a 'ciliary shaft' , which protrudes from the base.
Most studies investigating ciliary diversity have focused on shaft variations 3, 5, 6 . The base is composed of the basal body (BB), a transition zone (TZ; which is found between the BB and the shaft) and accessory structures that link the BB with the cytoskeleton and cell membranes 7 . The base nucleates the shaft formation, provides stability and mediates components of trafficking in and out of the cilium [8] [9] [10] [11] . BBs arise from the conversion of centrioles. A centriole is made of nine radially symmetric microtubule (MT) triplets surrounding a lumen, with a ninefold symmetric cartwheel in its proximal part that connects to the MT triplets 2 . Centrioles are found as a pair and coated with pericentriolar material (PCM), forming the centrosome, which is a major MT-organizing centre in cycling animal cells. Normally, the eldest of the two centrioles templates the TZ and the ciliary shaft 7, 8 . The ciliary base is perceived to vary less than the shaft [3] [4] [5] [6] [7] . Intriguingly, mutations in evolutionarily conserved genes encoding for base components, display cilia-type-specific phenotypes, such as nephronophthisis, retinal degeneration or sterility 1, 12 . This evidence indicates that the base might be more diverse than is currently appreciated. However, a careful comparative analysis of the ultrastructure and composition of different types of ciliary bases within an organism was never conducted.
Here, we investigate whether and how the ciliary base contributes to cilia diversification, using Drosophila melanogaster, as it relies on distinct ciliated cells for many critical functions, such as olfaction, gravitaxis and fertility [13] [14] [15] [16] .
Results
To test whether the ciliary bases are diverse, we built three-dimensional (3D) structural and molecular models of the base of four cilia types that represent different sensory and motility functions in adult Drosophila: immotile cilia in olfactory neurons, motile cilia in auditory neurons, immotile cilia in spermatocytes (sperm precursor cells) and a motile cilium in early differentiating/elongating spermatids (henceforth called 'spermatid') ( Supplementary Fig. 1A and see ref. 13 ). Furthermore, the two sperm cell types were chosen to represent different developmental time points of the same ciliary base (Supplementary Fig. 1B ). We first combined the results obtained from transmission electron micrography (TEM) of serial sections and used electron tomography to model their nanoscale 3D ultrastructures. We then used 3D-structured illumination micrography (3D-SIM) to map molecules to ultrastructures. Here, we first describe the micron-scale maps and then detail the nanoscale ultrastructure and composition of the BBs and TZs. 14 ) show the cartwheel (white arrowhead) and the central MT singlet (white arrow). Cc,Dc, SIM micrographs show acetylated tubulin in the BB and cilia, rootletin and three PCM markers in spermatocyte (C) and spermatid (D) . Note that PACT, a BB marker, was used as a reference to determine the relative localization of components. The regions marked with dotted rectangles are shown in the insets (magnification, × 2). Scale bars on the electron and SIM micrographs are 500 nm and 1 µ m, respectively. Electron micrographs in Aa,Ba,Ca,Da and SIM micrographs in Ac,Bc,Cc,Dc represent the features observed in n = 3 and n = 16 ciliary bases, respectively. Electron microscopy (Aa,Ba,Ca,Da) and SIM (Ac,Bc,Cc,Dc) experiments were repeated independently three times, displaying similar results. e, Models represent the localization patterns of candidate proteins (in green) shown in Ac,Bc,Cc,Dc at defined zones (for quantification, see Supplementary Fig. 1 ). dpBB, distal part of BB; ppBB, proximal part of BB. For antibodies and fly genotypes, see Supplementary Tables 2, 1 and 3, respectively. are different in distinct cell types. In neurons, two small, differently sized BBs (~120-260 nm) are linearly arranged (Fig. 1A,B) , and the longer one (~200-260 nm), called the distal BB (dBB), templates the sensory cilium (Supplementary Videos 1 and 2). By contrast, two very long, equally sized spermatocyte BBs (~1,300-1,400 nm) grow cilia and are arranged orthogonally, an organization similar to a centrosome 14, 15 ( Fig. 1C-E ). Later on, the spermatocyte undergoes meiosis and each daughter cell (spermatid) inherits one BB that templates a flagellum 14 .
Accessory structures and coating of the BB. We investigated the presence, morphology and composition of accessory structures, which includes the rootlet, the basal foot and the connections to the cell membrane. The rootlets are distinct in different cilia: they link the two neuronal BBs, showing different lengths, striation and localization (Fig. 1Aa ,Ab,Ba,Bb and Supplementary Fig. 2A-C) . The rootlets and their structural component, rootletin, are absent from both sperm cilia types 17 ( Fig. 1C,D) . In olfactory neurons, the short rootlet (~1-2 µ m) encapsulates the proximal BB (pBB) and attaches to the dBB wall (Fig. 1Aa ,Ab and Supplementary Video 1). In auditory neurons, the long striated rootlet (~20-25 µ m) 17 encapsulates the pBB and connects to the inner wall and/or the dBB lumen (Fig.  1Bb ,Bb and Supplementary Video 2). Moreover, the rootlet also connects to the cell membrane by electron-dense structures in auditory neurons 18 (Supplementary Video 2). Notably, we could not find any basal feet ( Fig. 1) , which is an accessory structure that connects the dBB to cytoplasmic MTs in multiciliated animal cells 19 . Similar to centrosomes, we found that all BBs from different cilia types are surrounded by electron-dense material and cytoplasmic MTs (Supplementary Fig. 2A-C) . Thus, we examined whether BBs are embedded in the same PCM proteins present in centrosomes: PLP (also known as pericentrin), SPD2 (also known as CEP192) and γ -tubulin. PLP and SPD2 are required for PCM assembly and γ -tubulin recruitment, which is required for MT nucleation around the centrosome [20] [21] [22] . We observed that the PCM around the BBs is differentially organized in distinct cilia types: γ -tubulin and PLP localize to all BBs, whereas SPD2 is found around most BBs, except spermatid BBs (Fig. 1Ac ,Bc,Cc,Dc and Supplementary Fig. 1F-I ). Distinct PCM components localize to different regions around BBs and different accessory structures. Moreover, the localization of those components changes during spermatocyte-to-spermatid conversion (Fig. 1E) . The localization of PCM and centriole components is then lost from the BB of mature spermatids as described previously 23 . Pericentrin and γ -tubulin were also found at many ciliary bases in other organisms [24] [25] [26] . It is possible that BBs are also MT-organizing centres as we (in fly) and others (in other species) observe cytoplasmic MTs surrounding them 19, 27 ( Supplementary Fig. 2C ).
Nanoscale organizational map of the ciliary base shows remarkable diversity. BB structure and composition vary between cell types. We observed that all BBs are ninefold symmetric (Fig. 2Aa ,Ab,Ba,Bb,Ca,Cb,Da,Db). As previously described, sperm cilia display canonical BBs with a cartwheel and MT triplets 14 ( Fig. 1C,D) . By contrast, all neuronal BBs have no cartwheel and most show doublets, with the pBB of auditory neurons being composed of a mixture of nine singlets and doublets (Fig. 2Aa ,Ab,Ba,Bb and Supplementary Videos 3-6). The spermatid BB lumen shows a MT singlet (Figs. 1D and 2D) , which templates the central pair of MTs that are needed for flagellar motility 14 . Vesicles and MT singlets are occasionally found in the BB lumen and between the pBBs and dBBs of olfactory neurons, but were absent in auditory neurons ( Supplementary Fig. 2A ,B and Supplementary Videos 1 and 2).
To unravel the mechanisms underlying BB differences, we investigated the localization of core conserved components of the centriole wall (ANA1 (also known as CEP295) and SAS4 (also known as CENPJ)), the cartwheel (SAS6 and ANA2 (also known as STIL)) and the linker between both structures (BLD10; also known as CEP135) 23, 28, 29 . Although all BBs show ANA1 along their walls and BLD10 in the lumen, SAS4 localizes in the proximal part of BBs in sperm cells and protrudes out from neuronal BB walls onto rootlets ( Fig. 2 and Supplementary Fig. 1F-I ). Both SAS6 and ANA2 are only present in sperm BBs, consistent with cartwheel presence (Figs. 1 and 2) , suggesting cell-type-specific regulation. Interestingly, in human cultured cells, the cartwheel disappears from centrioles at the end of mitosis, suggesting that BBs in those cells have no cartwheel 30 .
Transition fibres, the TZ and their composition in different cilia types. In a canonical eukaryotic cilium, the region between the BB and the axoneme consists of two structures: transition fibres and the TZ 7 . We asked whether the region between the BB and the axoneme varies between different Drosophila cilia. Although Drosophila mother centrioles lack distal appendages 13, 31 , we found that, with the exception of spermatids, all Drosophila cilia types have transition fibres. These fibres connect MT doublets and triplets to the ciliary membrane in neurons and spermatocytes, respectively. Transition fibres might be absent in spermatids or, alternatively, the highly electron-dense materials around BBs hinder the visualization of transition fibre-like structures (Fig.  3Aa ,Ba,Ca,Da and Supplementary Fig. 3A -Dii).
The TZ length varies between different cell types: being the longest in auditory neurons (~750-1,000 nm) and smaller in olfactory neurons (~450 nm) and spermatocytes (~500 nm) ( Supplementary Fig. 3A-Di) . Furthermore, all TZs are made of nine radially symmetric MT doublets and show electron-dense structures in between adjacent MT doublets (henceforth called 'MT-MT linkers') and in between MTs and ciliary membrane (henceforth called 'MT-membrane linkers'). Linkers exhibit distinct features, such as their shape and the structure they connect to. The shapes of the MT-MT linkers are different in distinct bases (Fig. 3A-Di) . Moreover, linkers can also vary along the TZ length in auditory neurons ( Supplementary Fig. 3Bii ). Neuronal MTmembrane linkers are similar to Y-linkers in Chlamydomonas, Caenorhabditis elegans and mouse [32] [33] [34] . Surprisingly, MT-membrane linkers originate from different structures in distinct cilia types. In olfactory neurons, they arise from the electron density around the A-tubule of MT doublet, whereas in auditory neurons, they arise from the electron density around the B-tubule (Fig. 3Aa ,Ba and Supplementary Videos 7 and 8). By contrast, in spermatocytes, it is similar to a hook-like structure connected to the membrane by a light electron-dense structure; later, in the spermatid, the same hooks are no longer connected to the membrane (Fig. 3Ca,Da) .
We next investigated the origins of the observed TZ diversity, focusing on evolutionarily conserved components of those structures: the distal part of the centriole (UNC; also known as OFD1), transition fibres or distal appendages (Chibby) and other linker structures (MKS1, B9D1 and CEP290) [35] [36] [37] . All TZs, with the exception of spermatids, showed all five components. However, the distinct localization of components differed within each TZ and when comparing different cilia types ( Fig. 3E and Supplementary Fig. 1J-M) . Whereas CEP290 localizes close to the MT outer wall along most TZs, all other components localize closer to the membrane, suggesting that at least two subdomains exist within the TZ crosssection. Moreover, the neuronal TZs have at least two longitudinal subdomains: the proximal part is composed of all five components, whereas the distal part is composed of CEP290. Although all five components localize to the growing axoneme tip in spermatids 37 , UNC localizes to the distal part of the BB and the region between the BB and the axoneme (Fig. 3E) . . Cb,Db, Electron micrographs (left) and their schemes (right) show MT organization of spermatocyte (C) and spermatid (D) BB. Cc,Dc, SIM images describe the localization of five centriolar proteins. PLP and PACT were used as references in neurons (A,B) and sperm cells (C,D) respectively, to determine the relative localization of all components. The insets (magnification, × 2) show the regions marked with dotted rectangles. All the scale bars on the electron and SIM micrographs are 100 nm and 1 µ m, respectively. All electron micrographs (Aa,Ba,Cb,Db) and SIM micrographs (Ac,Bc,Cc,Dc) represent features observed in n = 3 and n = 16 samples (ciliary bases), respectively. All of these experiments were repeated independently three times, displaying similar results. e, Model representation of the localization patterns of proteins (in green) shown in Ac,Bc,Cc,Dc at defined zones (for quantification, see Supplementary Fig. 1 ). Notably, in sperm ciliary bases, BLD10 localises to the BBs and to the proximal part of the TZs (marked with * in e). Furthermore, ANA2 is lost from the proximal part of spermatid BB (ppBB) and localizes at the proximal centriole-like structure (dotted circle). dpBB, distal part of BB. For antibodies and fly genotypes, see Supplementary Tables 2, 1 CEP290 is required to form diverse linkers in neuronal and sperm TZs. We first focused on MT-MT and MT-membrane linkers. MTmembrane linkers were considered conserved in several organisms, called Y-linkers owing to their shape 7, 38 . Interestingly, CEP290 is the only protein implicated in the formation of Y-linkers [32] [33] [34] . In Drosophila, one CEP290 protein isoform is reported and it localizes to most TZs (Fig. 3E) , being required for cilia assembly 37 . However, recent evidence suggests CEP290 localizes and functions differently in different organisms [39] [40] [41] [42] . Thus, we investigated CEP290 localization in different Drosophila cilia using tags labelling different termini and asked whether CEP290 could be involved in forming different MT-MT and MT-membrane links.
In all cilia types, CEP290 orients along the TZ radius: the carboxy terminus orients towards MTs and the amino terminus orients towards the membrane (Fig. 4A ,D,G and Supplementary Fig.  4A ). Recent biochemical interaction data indicate that this orientation might also be conserved in vertebrates 34, 43 . Subsequently, using stimulated emission depletion (STED) microscopy (with achievable ~35-nm resolution in biological samples) 44 , we found that CEP290::GFP forms a small ring, suggesting that its C terminus localizes to MT-MT links and to the inner tip of MT-membrane linkers. Conversely, GFP::CEP290 is radially arranged with eight or nine foci in the olfactory cilia. The distance between adjacent foci is 99 ± 23 nm, suggesting that they are 9-fold symmetric and that this terminus localizes to the outer tip of MT-membrane linkers ( Fig. 4Ad-Af) . Furthermore, in auditory neurons and spermatocytes, the inter-distances between adjacent GFP::CEP290 foci were 100 ± 24 nm and 90 ± 23 nm ( Supplementary Fig. 4C ), respectively, suggesting that CEP290 localizes also there in a 9-fold symmetric manner. Altogether, our data indicate that the CEP290 orientation pattern is generic in different Drosophila cilia types and might be required for assembling diverse linkers, such as MT-MT linkers, Y-linkers and hooks.
To test this hypothesis, we first removed CEP290 using a null mutant (Cep290 mutant ) 37 . Similar to a CEP290-knockout mouse 34 , the Cep290 mutant fails to form a TZ in neurons, as the dBB does not dock to the membrane (Fig. 4B ), making the Cep290 mutant unsuitable to study the role of CEP290 in linker assembly. We used RNA interference (RNAi) to partially deplete CEP290 (CEP290RNAi-1) in developing sensory neurons. These flies showed similar olfactory and gravitaxis behavioural defects to the Cep290 mutant ( Supplementary Fig. 4D ,E). Despite most BBs docking to the membrane in CEP290RNAi-1 flies, they form defective cilia (Supplementary Fig. 4F ,G). Although the defect in MT-MT linkers is more severe in auditory neurons, MT-membrane linkers are affected in all neurons. Furthermore, MT-membrane linker defects affect the distance between the MT and the membrane: the MT-membrane distance is reduced in olfactory neurons (Fig.  4B ,C), whereas in auditory neurons, the distance becomes variable (Fig. 4E,F) . These results suggest that CEP290 is required to form MT-MT and Y-linkers in all neurons.
We then investigated the role of CEP290 in forming differently shaped linkers (MT-MT and MT-membrane) in the sperm TZ. In the Cep290 mutant , unlike in neurons, spermatocyte BBs dock to the cell membrane and grow a small defective TZ, associated with longer BBs 37 . In those flies, MT-MT linkers and the connection between the hooks and the membrane are increased (Fig. 4H,I ). Similar defects are also found in CEP290RNAi-2 flies (Supplementary Figs. 4H and 5A), including in abnormal linkers (Fig. 4H,I ). Altogether, our data indicate that CEP290 is involved in Y-linker formation, as previously shown in other organisms [32] [33] [34] , and is also required to establish diverse MT-MT and hook-membrane linkers, but not to form sperm hooks. SAS6 and ANA2, two core cartwheel components, are required for sperm BB elongation. As all BBs convert from centrioles, we hypothesized that both cartwheel and its structural components are already differentially present upon centriole birth in ciliated neurons or, alternatively, are only lost after centriole-to-BB conversion. We found SAS6 to be present during centriole-to-BB conversion and in the early phase of ciliogenesis in neuronal BBs (at 24 hours after pupae formation (APF)), disappearing later (Fig. 5a) . Furthermore, the cartwheel is present in centrioles of differentiating olfactory neurons at 24 hr APF ( Supplementary Fig. 6A ), suggesting that SAS6 might be essential for centriole assembly, but not required later for BB function in ciliated neurons. To test this possibility, we depleted SAS6 before (SAS6 mutant ) and after centriole assembly (SAS6RNAi-1) and studied its consequences in olfactory and auditory cilia, as well as in sensory function. The SAS6 mutant fails to form centrioles, hence, no cilium is formed ( Fig. 5Bb and Supplementary  Fig. 6B ) and flies were uncoordinated, confirming the role of SAS6 in neuronal centriole and cilia biogenesis ( Fig. 5Bc -Be). When we removed SAS6 after centriole biogenesis (SAS6RNAi-1) at a stage when centrioles have converted to BBs, the neuronal BB and cilia were normal ( Fig. 5Bb and Supplementary Fig. 6B ). Moreover, gravitaxis was unaffected in SAS6RNAi-1 flies (Fig. 5Bc-Be) , suggesting that SAS6 is necessary for neuronal centriole assembly, but does not have a role in neuronal BB and cilia function.
Both cartwheel and SAS6 are maintained in spermatocytes and spermatids (Figs. 2E and 6A). We asked whether SAS6 could have any other function beyond its known centriole assembly function. Surprisingly, SAS6 is partially (~60%) dynamic even after centriole biogenesis, at the spermatocyte BB (Fig. 6B) , suggesting that SAS6 could have a post-centriole assembly function in this long BB. To test this hypothesis, we depleted SAS6 before (SAS6 mutant and SAS6RNAi-2) and after (SAS6RNAi-3) spermatocyte centriole assembly and studied its consequences in BB structure and male fertility. SAS6 depletion before centriole assembly reduces centriole number and fertility as expected 45 ( Fig. 6Ca -Cc and Supplementary  Fig. 6C ). SAS6 knockdown (SAS6RNAi-3) after centriole biogenesis does not affect centriole number, but remarkably, it affects its maturation to a BB, reducing both its length and fly fertility ( We revealed an unexplored SAS6 function in BB elongation. During centriole biogenesis, SAS6 is recruited by ANA2 in cultured cells 29 ; thus, we asked whether this other function of SAS6 is also regulated by ANA2. ANA2 depletion after centriole biogenesis (ANA2RNAi-1) did not reduce centriole number, but reduced SAS6 localization to the BB, BB length and fertility ( Fig. 6C and Supplementary Figs. 5C and 6C) . Furthermore, SAS6 and ANA2 interact with BLD10 during cartwheel assembly 28, 46 to stabilize the cartwheel 11 . Given that BLD10 is a MT-binding molecule that contributes to BB elongation and male fertility 14 (Supplementary Figs. 5D and 6C), we asked whether SAS6 and/or ANA2 are involved in recruiting BLD10. SAS6 or ANA2 depletion after centriole assembly reduces BLD10 levels at BBs (Fig. 6C) . Altogether, these results indicate that both SAS6 and ANA2 are involved in recruiting BLD10 after centriole biogenesis, thus having an underappreciated critical role in sperm BB elongation.
SAS6 and ANA2 cooperate to trigger ectopic elongation of neuronal BBs. As neuronal BBs are short in length and lose core cartwheel components during ciliogenesis (Figs. 1,2) , we wondered whether we could induce BB elongation as well as retain the cartwheel by ectopically expressing cartwheel components. To cover the critical window of BB elongation and cartwheel retention time, we first expressed SAS6 in all cells beyond the endogenous expression ). The white arrowheads mark the distal tip of the dendrites, where the BBs dock and grow cilia. PACT and 22c10 mark the BB and neuronal dendrites, respectively. The lower panels present PACT and SAS6 images (magnification, × 2) close to the white arrowheads on the upper panels. Ab, The scheme depicts the proposed process of SAS6 (and therefore the cartwheel) removal during ciliogenesis in neurons. B, SAS6 is required for centriole or BB assembly; however, it is dispensable for cilia function. Ba, A schematic representation of the experimental plans to reduce or remove SAS6 during centriole and cilia biogenesis. We compiled the temporal expression profile of the protein based on Fig. 5A and the expression profile of Gal4 (ref. :GFP recovery after photobleaching. Ca, A schematic representation of experimental plans to remove or reduce SAS6 during centriole biogenesis and BB elongation, and to remove or reduce ANA2 and BLD10 during BB elongation. We compiled the temporal information regarding protein expression based on data in Fig. 6A ,B and the expression profile of the Gal4 promoter in ref. 65 . Cb, Representative images of mature spermatocytes in flies with different genotypes. PACT marks BBs and DAPI (blue) stains DNA. Insets show RFP::PACT close to the arrowhead (in greyscale). For quantification of the number of BBs per cell in mature spermatocytes, see Supplementary Fig. 6 . Cc, Representative images of mature spermatocyte BBs of flies with different genotypes. RFP::PACT (red) marks BBs and anti-BLD10 antibody (green) stains BBs. Cd,Ce, Tukey box plot of BB length (Cd) and the total amount of BLD10 at BBs (Ce) in mature spermatocytes. The centre line indicates the median, the box indicates the range of variation from the first (25%) to the third (75%) quartile and the error bars indicate the full range of variation (from minimum to maximum). For BB length in Cd, control 3 , n = 259; SAS6RNAi-3, n = 189; ANA2RNAi-1, n = 309; and BLD10RNAi-1, n = 216 (n, number of BBs). For BLD10 quantification in Ce, control 3 , n = 56; SAS6RNAi-3, n = 45; ANA2RNAi-1, n = 64; and BLD10RNAi-1, n = 48 (n, number of BB pairs), Kruskal-Wallis test; **P < 0.0001. Scale bars, 5 µ m (Aa), 1 µ m (Bb), 5 µ m (Cb) and 1 µ m (Cc). Experiments in Aa, B, and C were repeated independently three times, two times and three times, respectively, with similar results. For different variables of each Tukey-box plot and fly genotypes see Supplementary Table 4 and Supplementary Tables 1,3 , respectively. time in both neuronal types. We analysed dBB length and saw no effect in its length, even though ectopically expressed SAS6 localizes to BBs (Fig. 7A,B) . We reasoned that either ANA2 is more critical than SAS6 to recruit BLD10 or, alternatively, only a SAS6-ANA2 complex can recruit BLD10, as both molecules are known to bind to BLD10 independently 28, 46 . Only ectopic expression of both is sufficient to recruit more BLD10 and promote BB elongation (Fig. 7A-C) . We further confirmed this result by expressing both proteins specifically in differentiating neurons ( Supplementary  Fig. 7E ). Furthermore, flies that ectopically express both SAS6 and ANA2 are deficient for smelling and coordination ( Fig. 7B and Supplementary Fig. 7C ). To further understand the molecular basis of the later result, we asked whether SAS6 and/or ANA2 have an intrinsic capacity to ectopically recruit BLD10 in these cells after the BB nucleates the neuronal cilium. SAS6 and ANA2 co-expression was necessary to recruit BLD10 to the ectopic sites ( Supplementary  Fig. 8A ,Bi). These ectopic concentrates can also recruit other centrosomal components and the pericentrin conserved, centriolelocalizing (PACT) domain. However, these ectopic structures are not supernumerary centrioles, as ANA1, a core centriolar component, is missing ( Supplementary Fig. 8Bii ).
Finally, given that Chlamydomonas SAS6 can self-oligomerize to form cartwheels and BLD10 facilitates the cartwheel stalk formation in vitro 47 , we wondered whether the ubiquitous expression of SAS6 would be sufficient to retain the cartwheel in neurons. Although ectopically expressed SAS6 localized to neuronal BBs, it failed to retain the cartwheel (Supplementary Fig. 7A ). We hypothesized that SAS6 needs ANA2 for its function in retaining the cartwheel. We ensured that both SAS6 and ANA2 were always present at centrioles, which generated some changes in BB radial symmetry ( Supplementary Fig. 7B ). Although both molecules localized to BBs and were sufficient to induce elongation as discussed above, the cartwheel was not retained, suggesting that other yet unknown mechanisms regulate cartwheel disappearance in neurons.
Discussion
Common scaffold and functions for the Drosophila ciliary base. We uncovered common aspects of neuronal and sperm ciliary bases, showing a common scaffold comprising BBs, the PCM and the TZ. The BB is always ninefold symmetric with the presence of either MT singlets, doublets or triplets, and is composed of at least three MT-binding components: SAS4, ANA1 and BLD10. These results suggest that those components are not only needed for centriole assembly, as previously shown 23, 48 , but are also integral components of the BB structure (Figs. 2E and 8A) .
We also observed that all BBs are surrounded by one or more PCM component, comprising PLP, SPD2 and/or γ -tubulin (Figs. 1E  and 8A ). γ -tubulin and PLP are found at BBs in several ciliated organisms [24] [25] [26] , whereas SPD2 has been associated with the PCM of centrosomes 20, 21 . Moreover, we and others have observed cytoplasmic MTs in the vicinity of all BBs and/or rootlets 19, 27 ( Supplementary  Fig. 2A,C) . Altogether this evidence suggests that the ciliary base has an underappreciated role in MT nucleation, which might be important for transporting proteins between the cytoplasm and the cilium. Further research is required to test these possibilities.
The transition fibres are also ninefold symmetric and probably composed of centriolar distal tip proteins, such as UNC, and/or components of the proximal part of the TZ, such as CEP290 (ref. (Figs. 3 and 8A) . Together with the observed defects in the unc mutants 15 , our subdomain localization of UNC (Fig. 3E) suggests that this protein is a component of the region between the dBB and the TZ. Further work is required to test this possibility. Moreover, all TZs are ninefold symmetric and composed of MT doublets. These MT doublets are always linked among themselves and the doublets are also connected to the membrane by electron-dense links in most TZs, with the exception of spermatids. CEP290 had a role in forming those links.
Cellular-specific and tissue-specific characteristics influencing cilia diversity. Our work revealed that the micron-scale and nanoscale structures of ciliary bases vary between cell types and even within a cell, at different time points of the cell's development. This is the case for the number and length of BBs that can form cilia, the presence of accessory structures and the MT types (singlets, doublets and triplets).
How is the ciliary base diversity generated? FOXJ1/FD3F, a transcription factor, is associated with certain cilia types, regulating cilia motility-associated genes 5, 6 , and RFX is a regulator of the expression of rootletin and ciliary shaft components 49, 50 . However, other differentially expressed ciliary base components, which we studied here, are not under the regulation of those transition factors. Other unknown factors may either regulate their expression, or activity at the post-transcriptional and translational level, or interaction with tissue-specific partners. Further work is required to address these questions.
Our work suggests that tissue-specific cell cycle regulation has an important role in ciliary base diversity. The number of mature centrioles, which can template cilia, in a given cell depends on its cell cycle stage 51 . Neurons form cilia in the G0/G1 phase, when they have one mature centriole, thus forming one cilium. Male germ cells form four cilia during meiotic G2 phase (in spermatocyte) and they form one cilium after meiosis (in spermatid), when cells have four BBs and one BB, respectively 14 ( Fig. 1) . Perhaps because the G2 phase in spermatocytes is very long, all four centrioles mature and gain the ability to form cilia, migrating to the cell membrane and elongating from ~500 to 1,400 nm 52 . Further research on cell cycle control of the centriole-to-BB conversion is required to solve this puzzle.
It is also possible that other cell-type-specific constraints regulate ciliary base diversification. For example, in neurons, two small linearly arranged BBs are surrounded by rootlets (Fig. 1A,B) that connect them to the cytoplasmic membrane, and the entire structure is critical for ciliary base stability 17 . Conversely, long spermatid BBs are attached to the nuclear envelope, which probably further enhances the stability provided by the long BBs ( Supplementary  Fig. 2C ). Rootlets are also found in other ciliated cells, such as mechanosensory neurons in C. elegans and mouse respiratory epithelial cells 19, 53 , whereas the attachment of the ciliary base to the nucleus is also found in sperm cells of many multicellular organisms 14, 54 . Interestingly, we observed that SAS4, a BB wall component, also localizes to neuronal rootlets (Fig. 2) , suggesting that core BB proteins may gain new functions in specific tissues. Knowledge of specific molecules that interact with core components in different tissues will be crucial to understand how they gain new functions.
Differential regulation of conserved core components underlies ciliary base diversity. We were surprised to observe differences in the MT-membrane linkers among all cilia types (Fig. 3) . Here, we show that, although CEP290 is implicated in both Y-linker, as described in other organisms [32] [33] [34] and MT-MT link formation, as observed in C. elegans 39 , it is also required to establish a non Y-link between the hook and the membrane in spermatocytes (Figs. 4  and 8B) . Thus, it is likely that CEP290 interacts with either other common or tissue-specific TZ components that are differentially regulated. The fact that TZ linkers are different and that core TZ components are distinctly distributed (Figs. 3 and 8A) , suggests that the ciliary gate comprises distinct subdomains in different cilia types. It is possible that these features create barriers with diverse chemical properties at the ciliary gate to differentially regulate the traffic of ciliary components. However, further studies are needed to know how CEP290 generates diverse structures.
We also observed that several core ciliary base components are regulated differently in different tissues and/or at different stages of differentiation within the same tissue, generating diversity. (78%; shown in B) . In the remainder of the olfactory neurons (not shown), we observed that cells were forming two cilia, each with one BB. Here, we focused on the largest population of neurons. Bb,Bc, Tukey box plot of dBB length (Bb) and total BLD10 in dBB (Bc) in olfactory neurons. In Bb, SAS6::GFP/GFP::ANA2: − /− ; n = 38, + /− ; n = 35; − /+ , n = 54; and + /+ , n = 65; n, number of BBs. In Bc, SAS6::GFP/GFP::ANA2: − /− , n = 41; + /− , n = 46; − /+ , n = 39; and + /+ , n = 40; n, number of BB pairs. Bd, Tukey box plot of the percentage of flies found in the repulsive odour chamber (SAS6::GFP/GFP::ANA2: − /− , n = 60; + /− , n = 60; − /+ , n = 60; and + /+ , n = 60; n, number of flies). NS (not significant) P > 0.05, **P < 0.0001, Kruskal-Wallis test. Ca, Representative electron micrographs show longitudinal sections through the dBB of olfactory neurons in flies with different genotypes (see Supplementary Fig. 7B for cross-sections) . The empty arrowhead marks the proximal region of dBBs without cartwheel. Cb, Tukey box plot of dBB length using electron micrographs in olfactory neurons (SAS6::GFP/GFP::ANA2: − /− , n = 10 and + /+ , n = 14: **P < 0.0001, two-tailed Mann-Whitney test; n, number of dBBs). Scale bars, 1 µ m (Ba) and 200 nm (Ca). Experiments in B and C were repeated independently three times and two times, respectively, with similar results. The centre line indicates the median, the box indicates the range of variation from the first (25%) to the third (75%) quartile and the error bars indicate the full range of variation (from minimum to maximum). For different variables of each Tukey box plot and fly genotypes, see Supplementary Tables 4,1 Although SAS6 is indispensable for all BB biogenesis, it is differentially required for the function of diverse cilia. Furthermore, the SAS6-ANA2 complex, which is known to be necessary for cartwheel assembly, is also required for long sperm BB elongation and is sufficient to trigger over-elongation of neuronal BBs, through BLD10 recruitment, with no major defects the ninefold symmetric arrangement of MTs (Figs. 5-7 and 8C and Supplementary Figs.  6-8) . Thus, differential temporal regulation of core centriole components underlies the observed diversity in BB length. Interestingly, SAS6 is also implicated in centriole elongation in human cycling cells 55 . Although, the differential regulation of other factors can also contribute to BB length diversity 56, 57 , our data provide the initial steps toward understanding these differentiation programmes. Finally, our results could provide an explanation for the apparently contradictory roles and/or localization of core ciliary base components, such as CEP290 and SAS6, in different systems or organisms 32, 40, 45, 55 . These observations also provide an important rational for how mutations in core components can generate the complex tissue-specific phenotypes observed in human ciliopathies 12, 58, 59 .
Evolution of ciliary diversity. Our results raise many questions regarding how those features came about. When did they arise in evolution? Are they specific to the same cell type in other species? Although little is known, certain aspects described here are present in both chordates and arthropods 14, [60] [61] [62] [63] , suggesting that some features might be an ancient diversification which occured in animals. Further research is needed to shed light on the origin and the regulation of different ciliary structures and functions. In neurons, the four zones are: the pBB, the dBB, the proximal and distal parts of the TZ (ppTZ and dpTZ, respectively). In sperm cells, the zones are: the proximal and distal parts of BBs (ppBB and dpBB, respectively) and the TZ. In spermatids, we are describing the area distal to the BB, in the proximal part of the cilia, as a zone of transition between the BB and the axoneme. Note that the ciliary tip in spermatid hosts many bona fide TZ proteins (for details, see ref. 37 ). B, Model representation of CEP290 localization and function in distinct TZ linkers in different ciliated cells. The ciliary membrane is shown in purple. C, Model representation of SAS6, ANA2 and BLD10 localization and their function in BB elongation in different ciliated cells, such as neurons (Ca) and sperm cells (Cb). Notably, given that the orthogonal orientation of the procentriole with respect to the mother centriole within a centrosome of animal cycling cells is very common, we assumed such orientation would be conserved in differentiating Drosophila neurons and sperm cells (also described in ref. 52 ). Furthermore, we show a model presenting the mechanism of the recruitment of these three molecules at the BB during its assembly and maturation (in the box marked with dotted lines).
Methods
Drosophila stocks and culturing. All the fly stocks used in this study are described in Supplementary Table 1 and available stocks are listed in Flybase (www.flybase. org). Flies were reared according to standard procedures at 25 °C on corn meal media 18 . To generate transgenes, CEP290-GFP and GFP-CEP290 were cloned into a Gateway pUASp attB vector (Drosophila Genomics Resource Center). Complementary DNA of CEP290 was prepared from the mRNA extract of adult w 1118 fly heads. These transgenes were generated using a random insertion transgenesis system. For insertions of both transgenes (pUASp-CEP290-GFP and pUASp-GFP-CEP290), one integration in the fly genome was chosen.
Immunostaining, imaging and image analysis. For sensory neurons. One-day old adult Drosophila heads were dissected, sectioned in a cryo-microtome (Leica) and fixed following standardized protocols. Sections (10-15 µ m) were laid on poly-d-lysine-coated cover glasses or slides and fixed in 4% formaldehyde solution for 1 h at 4 °C. Then, sections were stained using different primary antibodies (see Supplementary Table 2 for a detailed list) and secondary antibodies following the published method 18 . Stained sections were mounted either in Vectashield mounting media (Vector Laboratories) or in Prolong Gold (used for making samples to study in the STED microscope; Invitrogen) and they were examined in microscopes. Given that Drosophila have different types of olfactory and auditory neurons, we always imaged the cilia innervating sensilla type B2/3 in the adult third antennal segment and the cilia on chordotonal (auditory) neurons in the adult second antennal segment, respectively. Although the olfactory cilia innervating sensillum type B2/3 are required to sense general food odours, the auditory neurons in the antennal second segment are essential for hearing and gravitaxis 36, 64, 66 .
For sperm cells. Testes from adult flies were dissected in testes buffer, transferred to poly-l-lysine glass slides, squashed and snap frozen in liquid nitrogen as previously described 18 . Then, testes were stained using different primary antibodies (see Supplementary Table 2 for a detailed list) and secondary antibodies following the published method 18 . Samples were mounted either in Vectashield mounting media (Vector Laboratories) or in Prolong Gold (used for making samples to study in the STED microscope; Invitrogen) and they were examined in microscopes. Given that Drosophila have different stages of spermatocytes and spermatid, we focused on the mature, large G2 spermatocytes and spermatids, respectively.
All confocal images were collected using Leica TCS SP 5X (Leica Microsystems). For super-resolution imaging, samples were collected on poly-llysine-coated high-precision coverslips. All structured illumination microscopy (SIM) images were collected using either Deltavision OMX V3 (GE Healthcare Life Sciences) or Elyra Super-Resolution Microscope (Zeiss), and STED images were collected using Abberior's Expert Line Confocal STED microscope with a QUAD scanner. For SIM images, an oil-immersion Plan-Apo 1.4 NA objective and two different lasers (488 nm and 560 nm) were used. For STED images: an oil-immersion Plan-Apo 1.4 NA DIC-grade objective and the 640/775 nm combination of lasers was used. The doughnut profile (2D STED) is generated by phase modulation on a spatial light modulator (Abberior easySTED module), and the Z-depth in the condition of our imaging was ~500-600 nm (similar to the confocal axial resolution). Detectors are avalanche photodiodes, which were gated to reject the confocal baseline signal.
Although all SIM images collected using Elyra and OMX were reconstructed in Zen Blue software (Zeiss) and in OMX SoftWoRx (Deltavision), respectively, STED images were deconvolved using Huygens Software (SVI). All images were then processed in ImageJ. In addition, note that we determined the direction and the boundary of the cilia (marked in dotted lines in SIM micrographs) based on the background fluorescence of one of the two fluorophores in the respective raw fluorescence micrographs.
Furthermore, during the imaging of slides with immunofluorescent samples from different genotypes of the flies, the slides were randomly arranged and were subsequently blinded with tape until data were acquired and processed. For all quantification, we strictly followed predefined methods for the analysis of the images and videos.
TEM and serial section analysis. Antenna and testes samples were dissected, fixed, processed for chemical fixation, mounted and polymerized in resin following the published method 14, 18 . Serial thin sections (60-80 nm) were cut in a Leica Reichert Ultracut S ultramicrotome, collected on formvar-coated copper slot grids and stained with 2% uranyl acetate and Reynolds lead citrate (for a detail description of the protocol, see ref. 18 ). Samples were examined and photographed at 100 kV using a Hitachi 7650 electron microscope. Finally, the images were processed in ImageJ.
Electron tomography and image analysis. Whereas TEM of serial thin sections (~60-80 nm) helped us to develop a course 3D model of the ultrastructure of a region, electron tomography of thicker sections (~120-150 nm) was used to model subtle features that generally remain buried within a section used for conventional TEM. Serial sections (120-150 nm) were collected onto formvar-coated copper slot grids. The sections were layered with 10-nm diameter colloidal gold particles (at a concentration of 1:50 µ l) for 3 min on each side and washed three times. Sections were then stained with 2% uranyl acetate and Reynolds lead citrate. Single axis tilt series of BBs and cilia were collected at ± 55° tilt angles with 1° increments, at 100 kV using a Hitachi 7650 electron microscope. The IMOD package 4.7.13 was used for tomogram generation and 3D modelling 67 . In IMOD, tilt series were aligned using a fiducial model based on the position of gold particles. Volumes were reconstructed using Filtered Back Projection. In 3dmod, contours were created for each object. The microtubules were identified both in the Zap and in the Slicer window. The electron densities were modelled using isosurfaces. We modelled only those structures that were observed in three or more samples (in serial sections and tomograms: this was repeated independently twice, displaying similar results). The colours selected for each object were kept for all the different 3D models to enable the comparison of structures. Images from the tomogram and 3D model were collected as tiff files for each sample and recorded as an uncompressed video using ImageJ.
Fluorescence recovery after photobleaching assay. Fluorescence recovery after photobleaching experiments were performed on an Andor Spinning-disk microscope (Nikon) equipped with a × 63 1.4 NA objective lens. For analysis of the fluorescence recovery after photobleaching data, two pre-bleach time-lapse images were acquired using 20% of the 488-nm laser power at 1 s intervals. Then, a rectangular region of interest covering the entire centriole was bleached using 80% laser power for 2 s. The post-bleach fluorescence recovery was recorded in a series of time-lapse images acquired every 1 s at 20% laser illumination for a period of 2 min. The data were normalized to the fluorescence before bleaching. Fluorescence recovery was quantified as the per cent recovery of fluorescence, as shown below:
F b and F a indicate intensities before and after photobleaching, respectively, whereas F t is the fluorescence intensity at time t. The sum of the intensities of all pixels in the region of interest was used for calculations.
Gravitaxis (or bang) assay. Two-to-four-day-old adult flies were counted, collected and placed into standard vials containing food. Ten flies were transferred to a long cylinder (with a cap on top; see Fig. 5 and Supplementary Fig. 4 ) and there they were kept undisturbed for 5 min to acclimate to the environment. The cylinder was sharply tapped down on the surface of the bench three times, ensuring that the taps were hard enough to knock down all of the flies to the bottom of the cylinder. The movement of the flies was followed for 1 min, excluding the tapping of the cylinder. This process was repeated two more times. For the analysis of the negative-geotaxis assay, the time taken by ≥ 80% of the flies to successfully climb the half height mark of the 18-cm long tube was counted. For each genotype, unless otherwise mentioned, a total of ≥ 60 flies were analysed and, with each set of flies, 3 replicate experiments were performed. For the exact number of samples used for each experimental condition, see Supplementary Table 4 .
Odour repulsion (T-maze) assay. Ten 2-4-day-old flies were transferred to a T-shape tube (see Supplementary Fig. 4 ), where they were kept undisturbed for 10 min to acclimate to the environment. The caps of the left and right arms were quickly replaced with new caps with 'NO odour' and 'benzaldehyde' (a repulsive odour), respectively. After 20 min, the number of flies in both the control and the odour arm was counted. This process was repeated two more times in fresh tubes. For the analysis of the odour repulsion assay, the percentage of the flies that were in the odour arm after 20 min was counted. For each genotype, ≥ 60 flies were analysed (unless otherwise mentioned).
For the exact number of samples used for each experimental condition, see Supplementary Table 4 .
Male fertility tests. Fertility tests were performed by crossing single males with three wild-type females for 3 days. The progeny per tube was scored and averaged for 10-20 males for each genotype. For the exact number of samples used for each experimental condition, see Supplementary Table 4 .
Statistics and reproducibility. We used the Mann-Whitney test and the KruskalWallis test (with 95% confidence interval, non-parametric and two-tailed) for the statistical analysis of two and more than two experimental conditions (or fly genotypes), respectively (using GraphPad), and most of the experiments were independently repeated three times. Different variables of each Tukey box plot includes the centre line (which indicates the median), whiskers (which represent the full range of variation: from the minimum to the maximum), the box (which indicates the range of variation from the first (25%) to the third (75%) quartile) and dots (which are outliers). Unless otherwise specifically mentioned, NS, * and ** indicate not significant, P < 0.01 and P < 0.001, respectively. For details about the number of samples used for each fly genotype, the number of repeat experiments and the exact P values, see the respective figure legends and/or Supplementary n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested 
Software and code
Policy information about availability of computer code
Data collection
No software were used.
Data analysis
We used ´ImageJ´ or ´Imaris´ or ´IMOD´ or ´Huygen´ for relevant image analysis; used ´GraphPad Prism (Instat)´ for statistical analysis.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability A full data availability statement is included in the manuscript.
nature research | reporting summary

April 2018
Field-specific reporting Randomization Given that authors used genetically modified specific fruit flies (Drosophila melanogaster), organisms used in the experiments were not randomised. Therefore, this condition is not applicable/relevant to this study.
Blinding
During the imaging of slides with immunofluorescent samples from different genotypes of the flies, we randomly arranged the slides and blinded all of them with tape until data was acquired and processed. For all quantification, we strictly followed predefined methods for analysis of the images and videos (see detailed description in the methods section).
Reporting for specific materials, systems and methods Obtaining unique materials Authors made some new transgenic flies for this study. All the flies will be readily available from the authors.
Antibodies Antibodies used
All details about the antibodies are mentioned in Supplemental Table 2 .
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Laboratory animals
Authors used different stages (pupae and adult) of Drosophila melanogaster for this study.
Wild animals
The study did not involve wild animals.
